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Definitions

Coal regions — breakdown of the U.S. within NEMS by coal producing areas. These define
where new coal plants are built, regardless of the electricity regions that build them.

Dedicated and Detached Grid — this refers to the set of new transmission capacity that NEMS
builds for generating plants, which are dedicated to serving load in a different region from which
they are built. These out of region builds are almost always coal plants.

Doubled Case — this case represents the Reference Case with a doubling of the transmission grid
capacity limit by 2025.

Electricity regions — breakdown of the U.S. within NEMS by grouping electricity supply and
demand. NEMS does not track electricity transmission within regions, only between electricity
regions.

Groups - twelve characteristic hours in a year, represented as any combination of the four
seasons (winter, spring, summer or fall) and three times of the day (night, midday,
morning/evening)

Groupment — a set of hours that LBNL-NEMS characterizes as equivalent. A total of 36 hours
represent the year when calculating capacity planning and transmission in LBNL-NEMS. Each
groupment (group combined with segment) is defined by three aspects: season (winter, spring,
summer or fall), time of day (night, midday, morning/evening), and load magnitude (high,
medium, normal). Each aspect is further explained in Appendix B.

LBNL-NEMS - refers to the Berkeley Lab modified version of NEMS to avoid confusion with
the official release of NEMS maintained by EIA.

NEMS - this term is used when generically referring to this EIA forecasting model. For
example, when explaining how coal regions are defined in NEMS, this definition applies to both
NEMS and LBNL-NEMS.

No CaFl Coal Case - this case represents the Reference Case without coal builds for California
and Florida.

Non-simultaneous limit — maximum transimission capability between a pair of nodes assuming
all other network power injections remain constant. This type of limit is used in the
transportation model.

Power Flow Case — this case represents the Reference Case with reduced transmission limits.
This case is further explained in Section 2.

Reference Case — this case is similar to AEO 2004 Reference Case except that the transmission
limits are defined for all 36 unique periods each year, where AEO only defines four sets of
unique transmission limits each year to cover the 36 time periods for which the dispatch solves.



Modeling Interregional Transmission Congestion in the NEMS

Segment — one of three divisions of hourly demand within any group of hours where the first
segment is the highest 1% of hourly demand, the second segment is the next highest 33%, and
the third segment is the remaining 66% of hourly demand.

Simultaneous limits — the sets of transmission limits between nodes that can be simultaneously
reached in the transmission model.

Transmission model — also referred to as a power flow model - is a detailed model that
represents the interdependencies of energy flow along different paths in the system.

Transportation model — also referred to simply as a transport model — is a simple model for
representing flows of a quantity through a network by assuming the flows along differing paths
are independent. This is the model used in NEMS and is fundamentally different than the
physical characteristics of the power grid which is better represented by a transmission model.
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Executive Summary

Historically, major blackouts seem to have brought calls for upgrading the U.S. transmission
system. More recently, the chorus is stronger and more constant. The lack of investment in the
grid is widely deplored as a leading cause of poor reliability and increasing congestion. While
extremely complicated to fully comprehend, analysis of national grid capability is becoming a vital
policymaking need. A common indicator of an economically inadequate grid is congestion, which
by definition implies the cheapest availably supply cannot be used; therefore a less-congested
system can lead to lower electricity prices and less frequent power outages.

To help reduce transmission grid congestion, the Department of Energy’s (DOE) Energy Efficiency
and Renewable Energy (EERE) Program supports many potentially helpful technologies. Some of
these include microturbines, combined heat and power, fuel cells, photovoltaics, and energy
efficient appliances. These technologies offer the ability to reduce system load, site generation
close to load, and thereby expand effective grid capacity. These benefits may be significant,
particularly with respect to lowered congestion costs, generation costs, and system investments.

To begin evaluating the benefits of reduced congestion, Berkeley Lab has tried to use the
transmission and congestion modeling in the Energy Information Administration’s (EIA) National
Energy Modeling System (NEMS) including exploration of a promising new approach to better
represent interregional transfers of electric power. This complex task is divided into three parts:
understanding how the existing North American transmission system operates, understanding how
NEMS represents interregional transfers of electric power, including how the generation
construction logic inherent in NEMS limits its ability to consider significant changes in
interregional transfers, and, finally, given all this, assessing how how to measure benefits of
technologies that affect transmission congestion.

Berkeley Lab expects to eventually measure benefits by correlating scenarios with less congestion
with lower electricity prices and less transmission investment and failure. At the present time,
neither NEMS, in its official configuration, nor NEMS, as enhanced by Berkeley Lab, can fully
capture these impacts. These limitations, there sources, and possible ways to address them, are the
subject of this report. . As far as reliability benefits, less congestion can be indicative of less stress
on the electric grid. NEMS was not designed to capture this impact and it is not the subject of this
report.

Interregional Transmission in NEMS

The U.S. is divided into 13 electricity regions in NEMS, and transmission structured to model
between regions, but not within them. There is limited international electricity transmission with
Canada and Mexico.

According to the Annual Energy Outlook (AEO) 2004 Reference Case, total interregional
transmission is decreasing over time. Gross domestic electricity trade is reduced from 222 TWh in
2003 to 179 TWh in 2025 as shown in Figure ES-1. It is of critical importance for the subject of
this investigation to recognize that this result is a modeling artifact. That is, the generation logic
inherent in NEMS automatically builds new generating capacity close to load. In order words, the
NEMS model, by its very formulation, decreases dependence on interregional transmission to meet

Xi
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future electricity demands. Thus, it is no surprise that interregional congestion is also forecasted to
decrease using Berkeley Lab’s version of NEMS called LBNL-NEMS. In 2015, 31% of total
interregional line-hours® are fully loaded or congested, while in 2025 congestion is reduced to 23%
as shown in Figure ES-2. Additionally, in 2015, 37% of total interregional line-hours are unused,
though by 2025, fully 45% of line-hours are idle. This amount of unused transmission capacity
seems unrealistic. However, the power flow limits in NEMS overstate the available transmission
capacity, which could account for some of the excess capacity.
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Figure ES- 1 Economic Transmission in the Reference Case
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! Annual domestic interregional line-hours total 175,200. This number is the product of the number of domestic
interregional connections (20) and the available hours for transmission in a year (8,760).
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Power Flow

The LBNL-NEMS power flow is calculated using a transportation model, not a transmission
model. A transportation model assumes that the flow of energy along different paths can be
specified independently, similar to the representation of a transportation network. Each individual
automobile driver chooses their route independently, and if a driver takes a particular route, it does
not affect the routes chosen by other drivers. In contrast, a transmission model of an electric grid
enforces the physical laws that make energy flow along different paths dependent. As an analogy
to power flow, the reader may consider water flowing through a network of pipes without valves.
When pressure is applied at one location, the flows along all connected pipes are affected
simultaneously. The flow along each pipe depends on the physical characteristics of the pipe and
the applied water pressure. To see this affect on the transportation network, one driver’s choice to
take a particular route would have to simultaneously force other drivers to take certain other routes
in the network. The important implication of this difference between models is that the
transportation model will always tend to overestimate the maximum transfer capabilities of the
electric grid.

To compare the interregional transmission forecast from LBNL-NEMS using its default
transportation model (Reference Case) with a forecast mimicking the use of a more accurate
transmission model (Power Flow Case), Berkeley Lab was able to mimic the effect of a true power
flow. Given the differences between the models, Berkeley Lab anticipated a decrease in
transmission usage with a transmission model. Berkeley Lab used PowerWorld™ Simulator®
(PowerWorld), a proprietary power flow software product that solves the transmission among
regions. Using the PowerWorld solution from the LBNL-NEMS dispatch, Berkeley Lab redefined
the LBNL-NEMS transfer limits. This illustrated that this method was successful by iterating
LBNL-NEMS with PowerWorld. While the transmission forecast is different, the Power Flow
Case does not lead to much change in the fuel mix, installed generating capacity, or energy
consumption, compared with the Reference Case. Perhaps most importantly, introducing the
transmission model did not increase congestion significantly.

As noted above, this result is hardly surprising because both NEMS, and by extension, LBNL-
NEMS include a generation construction logic that acts to reduce future interregional transfers of
electricity. As a result, regardless of the representation of the transmission system, the driving
forces for interregional transfers (which are differences in the price of electricity generation across
regions) are absent.

Reducing Congestion

Berkeley Lab created a doubled transmission case (Doubled Case) to test the opposite effect,
increasing transmission and reducing congestion. This case was created by gradually expanding the
transmission capacities 10% annually over 10 years starting in 2016 until it is doubled in 2025.
Domestic trade did increase minimally for the Doubled Case, at most by 10% (2020-2025), and
congestion was reduced. However, other indirect effects of reducing congestion were hard to

% This is commonly referred to as “PowerWorld” in industry, which is the convention that will be used in this report.

Xiii



Modeling Interregional Transmission Congestion in the NEMS

identify as congestion is only peripherally related to the size of the transmission grid. These results,
confirm, as previously noted, there are more fundamental obstacles to using LBNL-NEMS for
congestion analysis, namely, the generation expansion logic of NEMS and LBNL-NEMS.

Dedicated and Detached Grid

One anomaly that Berkeley Lab noted was that there is very little congestion in the West. This is in
part due to the fact that the AEO 2004 Reference Case forecasts 12 GW of new coal capacity to be
built for California by 2025. Realistically, it seems unlikely that much coal will be built for
California in the near future. Therefore, a no new coal for California and Florida case (No CaFl
Coal, for short), was implemented. In the No CaFl Coal Case, economic interregional transmission
is up 20% and congestion increases, particularly in the western U.S. These results were the first
indication that the generating capacity expansion logic in NEMS plays a more significant role in
determining future congestion than upgrading the transmission grid (Doubled Case).

To better understand these results, Berkeley Lab conferred with EIA, which maintains the NEMS
model. They explained that NEMS can build new natural gas capacity with dedicated interregional
transmission that is, for all intents and purposes, not connected to the transmission grid (Energy
Information Administration 2005b). Perhaps the best way to visualize this assumption is to think of
this natural gas fired capacity as capacity that is directly connected to a load center via a DC
transmission line such that flows on this single line of connection do not interact or affect power
flows on the rest of the transmission system. As a result, this dedicated transmission is not
considered interregional transmission, so this capacity expansion logic leads to underreporting of
interregional electricity trade, for the purposes of this analysis. In addition, coal plants are built
according to the NEMS coal regions rather than the electricity regions. Coal regions and electricity
regions are quite different and have no direct mapping to one another. However, when solving for
electricity transmission, the coal plants are designated as operating in the region where their owner
is located, which corresponds to the NEMS electricity regions. In other words, electricity
transmission from a coal plant to its owner region becomes a strictly intra-regional transfer.

New coal plants never use the existing transmission grid and NEMS does not determine whether a
new coal plant requires interregional transmission or not. Although at least 17 GW of new coal
plants are built out of region, ironically, new plants lead to less interregional transmission. A whole
set of dedicated plants and interregional transmission lines are built which make up a network
detached from the existing transmission grid.

Only certain types of generating plants can be built off the existing grid and the associated
transmission capacity is referred to in this study as the dedicated and detached grid. A dedicated
and detached grid helps explain why congestion on the visible grid is reduced over time and why
potential benefits from reducing congestion, consequently will be underestimated.

Xiv
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Conclusions

Congestion analysis using NEMS or NEMS-derivatives, such as LBNL-NEMS, is subject to
significant caveats because the generation logic inherent in NEMS limits the extent to which
interregional transmission can be utilized and intraregional transmission is not represented at all.
The EMM is designed primarily to represent national energy markets therefore regional effects may
be simplified in ways that make congestion analysis harder. Two ways in particular come to mind.
First, NEMS underutilizes the capability of the traditional electric grid as it builds the dedicated and
detached grid. Second, it also undervalues the costs of congestion by allowing more transmission
than it should, due to its use of a transportation model rather than a transmission model.

In order to evaluate benefits of reduced congestion using LBNL-NEMS, Berkeley Lab identified
three possible solutions: 1) implement true simultaneous power flow, 2) always build new plants
within EMM regions even to serve remote load, and 3) the dedicated and detached grid should be
part of the known grid.

Based on these findings, Berkeley Lab recommends the following next steps:

e Change the build logic that always places new capacity where it is needed and allow the
transmission grid to be expanded dynamically.

e The dedicated and detached grid should be combined with the traditional grid.

e Remove the bias towards gas fired combine cycle and coal generation, which are the only types
of generation currently allowed out of region.

e A power flow layer should be embedded in LBNL-NEMS to appropriately model and limit
transmission.

XV
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1. Using NEMS to Evaluate Transmission Grid Congestion
1.1 Background

The objective of this effort is to introduce a more realistic representation of power flows between
regions using the Lawrence Berkeley National Laboratory’s (LBNL) version of the National
Energy Modeling System (NEMS), or LBNL-NEMS. The benefits of this work are potentially
significant given the poor representation of congestion severely limits potential markets for many
technologies being developed in the Energy Efficiency and Renewable Energy (EERE) Program
(Moore et al. 2005; National Research Council 2005). National scale energy modeling is necessary
in support of the annual Government Performance and Results Act (GPRA) analysis, and for other
EERE decision-making. Electricity availability is artificially high while prices are artificially low?
in many regions where many EERE technologies have the greatest potential.

The NEMS model represents markets as homogeneous constructs covering the entire or large
portions of the country with similar consumers facing uniform prices. The manageable level of
disaggregation in large models is limited by analytic and computing capability as well as by
available data. Judicious analytic choices must be made so that consistency of approach is
achieved, and results can be reaggregated to levels comparable to large national models. Therefore,
at the same time that markets must be judiciously reduced to comprehensible pieces that better
represent highly heterogeneous market segments, the resulting segments must be ones that fit
conveniently into existing models and available data sets.

Much of the Planning Analysis and Evaluation (PAE) Section of the Office of Planning, Budget,
and Analysis (PBA) of EERE analysis is conducted using NEMS, so focusing on this model is fully
appropriate. Despite its limitations, NEMS has some key advantages: first, it is maintained by a
significant number of Energy Information Administration (EIA) analysts who carry the burden of
keeping data sets up-to-date and ensuring the model is functioning correctly; second, it enjoys great
currency in federal policymaking circles in large part because it is so heavily reviewed; and third, it
provides the basis for the Annual Energy Outlook (AEQO), which is the most widely used forecast of
the U.S. energy sector and a natural starting point for PAE analysis.

Not surprisingly, much of the thrust of the PAE analytic agenda addresses the fundamental problem
of market disaggregation, with the goal of better identifying and characterizing the environment in
which EERE technologies will compete. The work fits squarely in the class of market analyses that
attempt to deconstruct large aggregated markets, albeit in a very limited but important way.

Currently in NEMS, transfers between regions are limited only by simple economics and a
transportation model of transmission, i.e. one that only limits flows to a constant predetermined
limit. This structure has long been known to be an inadequate representation of actual grid transfer
capability, which is limited by congestion remote from actual interties of interest, and which varies
moment-by-moment as flows change. However, retooling LBNL-NEMS to use a more realistic
power flow representation of the grid, a transmission model, is a major undertaking for a number of
reasons. One key problem is that the expansion and operation of the power system is considered

® Appendix A compares the NEMS forecast of electricity prices and loads for the state of New York with data from the
New York Independent System Operator.
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independently, region by region, so even if the capability of the grid to deliver energy across
regional boundaries is adequately represented, the economic incentives and technical feasibility of
transfers will still be inadequate. This work takes a limited approach, with a strict focus on the
interregional transfer capability, particularly because any new LBNL-NEMS functionality will
likely need to be reintroduced into the current AEO.

Over time, EIA is likely to adopt many of the LBNL-NEMS enhancements developed for the PAE
analyses, however this process is lengthy and uncertain. A wise approach to developing LBNL-
NEMS therefore, is to build new capabilities in an add-on way; that is, to develop additional models
and/or LBNL-NEMS code that can be reactivated each year in the GPRA cycle without incurring
an undue programming burden. In this example, the power flow capabilities are modeled using a
commercial power flow model that can be run in parallel with LBNL-NEMS using the existing
power system that LBNL-NEMS builds year-by-year.

1.2 Limitations of NEMS Transportation Model

Figure 1-1, below, shows the electricity regions and transfer limits that are used by NEMS. These
regions are essentially nodes in a network where all supply and demand are collapsed to a single
point. In other words, there is no geographic variability within regions, only between them. NEMS
enforces these limits in a transportation model. NEMS represents the contiguous U.S. by a superset
of the North American Electricity Reliability Council (NERC) regions with separation of California
and New York and further subdivision of the remaining Western Electricity Coordinating Council
(WECC) region. The Canadian provinces appear as nodes distinct from the NERC regions they are
actually attached to, and there is one node in Mexico. The transfer capabilities between regions
used in the AEO 2004 Reference Case version of NEMS are depicted in the figure (in GW). These
limits are allowed to vary by season, although in current data only two are used, summer and
winter. In some cases the transfer capabilities are symmetric, and in others they differ depending
on the direction of flow. The values for these transfer limits are treated as constant inputs in NEMS
and do not change throughout the simulation; in other words, the grid is not sensitive to economic
opportunities for expansion.

The values for the transfer limits originate from NERC transfer limit studies. NERC prepares
summer and winter path limits between NERC regions for non-simultaneous flows. Given a
nominal base case, non-simultaneous flow is the amount of power that can be transferred from one
defined region to another, assuming all other power injections remain constant. In practice, many
economic trades between regions happen simultaneously, and the non-simultaneous limits cannot all
be applied at once, i.e. they are not independent. In practice, a detailed power flow will show that
when one path reaches its power flow limit, it will effectively limit the ability to transfer power
along other paths. If the first path is congested, then an attempt to increase power along a second
path may not be allowed depending on whether it would require increasing the flow along the
already-constrained first path.
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Figure 1-1 Transfer Limits in NEMS for Summer and Fall 2004 (GW)

Generator >
at Node 1 NI Generator at Node 3
%

A A&I/ l

2 )

o

i

Vi Q

'199“\ l
Y Z

Generator y Load at Node 3
at Node 2 @

Figure 1-2 Power Flow Limits in a Three-Node Example



Modeling Interregional Transmission Congestion in the NEMS

A well known three-node example, shown in Figure 1-2, illustrates flaws in the transportation
model. The actual intertie capabilities between the three nodes are shown. In the three-node
example, there are generators at nodes 1, 2, and 3, but load only at node 3. Assume that generator 3
is out of service. A transportation model assumes that power flow may be directed along the paths
in any manner that suits a particular dispatch goal. It is possible to specify a 300 MW flow between
nodes 1 and 3, 220 MW between nodes 2 and 3, with no power flow between nodes 1 and 2.
Alternatively, one might make more use of the generator at node 1 and specify that it supply 400
MW if it is more economic. Then, 300 MW flows from nodes 1 to 3 and 100 MW flows from node
1 to node 2 and subsequently to the demand through the path from node 2 to node 3. Any
remaining demand is supplied by the generator at node 2 up to 120 MW (at which point all three
lines reach their capacity limits simultaneously).

In reality, the flow along each path is not independent. In this example, a flow from node 1 to node
3 cannot be simultaneously specified independent of the flow from node 1 to node 2. As an
example, suppose we assign equal electrical impedances to each path. Then, the power that is
supplied to the network by the generator at node 1 is distributed unequally among the path from
node 1 to node 3 and the longer path from node 1 to node 2 to node 3. Two-thirds of the power
flows along the short path and one-third flows along the long path. Consequently, neither of the
dispatches mentioned in the previous paragraph are physically possible. This dependent power
flow characteristic of the electricity grid limits the capability of the system, almost always reducing
the transfer capabilities compared to a transportation model.

A nomogram is a diagram that shows the actual transfer capability of a transmission system, which
is shown in Figure 1-3 for the same three-node example. Here we show the nomograms for both the
transportation model (dotted line) and the transmission model (solid line and shaded area). Each
frontier shows the maximum transfer capability to node 3, with the x-axis showing transfer from
node 1 to node 3 and the y-axis from node 2 to node 3. The following summarizes this diagram for
each model:

e The nomogram for the transportation model is bounded by the three dashed lines. These lines
represent the maximum amount of power that can be injected into the system from node 1 (400
MW is the sum of capacity limits on lines leaving node 1), the maximum amount of power that
can be injected in to the system from node 2 (320 MW is the sum of capacity limits on lines
leaving node 2), and the maximum amount of power that can be delivered to node 3 (520 MW
is the sum of line capacities connected to node 3).

e The nomogram for the transm